background: Low levels of mannose-binding lectin (MBL) predispose to various infectious and inflammatory disorders and have been reported to be associated with recurrent early miscarriages. Recurrent late pregnancy losses (RLPL) in the second trimester is a rare but devastating syndrome where maternal rather than fetal causes are likely to play a stronger role than in early recurrent miscarriage.
Introduction
Mannose-binding lectin (MBL) is a plasma protein produced in the liver. It is a member of the collectin family of proteins and binds to a series of specific repetitive carbohydrate structures on microbial surfaces and subsequently activates the complement cascade through the so-called MBL pathway or promotes phagocytosis of the microorganisms by macrophages.
MBL levels are genetically determined by three major singlenucleotide polymorphisms (SNPs) in exon 1 of the MBL2 gene on chromosome 10q11 and by three SNPs in the promoter region of the gene. Combinations of these SNPs are associated with very low plasma MBL levels (MBL deficiency) that are present in 10-12% of the Caucasian population. This prevalence makes MBL deficiency the most frequent immunodeficiency known. Children and immunocompromised adults with MBL deficiency are at an increased risk of recurrent infections and several autoimmune diseases seem to exhibit a more severe course in individuals with MBL deficiency.
Several studies have reported that MBL deficiency is predisposing to recurrent miscarriage (Kilpatrick et al., 1995; Christiansen et al., 1999; Kruse et al., 2002) , but there is no complete consensus about this (Baxter et al., 2001) . This lack of consensus may be caused by the fact that the majority of pregnancy losses among patients with recurrent miscarriage happen in the first trimester and at least half of these are due to fetal chromosome abnormality (Simpson, 2007) , which obviously has nothing to do with MBL deficiency. Studies of the role of MBL deficiency in patients with recurrent early miscarriages are expected to show only weak associations due to this 'contamination' of the patient group with cases mainly caused by fetal aneuploidies. Such patients can rarely be excluded from studies since the chromosomal constitutions of embryos lost in early pregnancy remain unknown in most cases. To be sufficiently statistically powered, the relevant studies must therefore be very large to be capable of identifying significant associations (Kruse et al., 2002) .
In theory, the association between MBL deficiency and recurrent late pregnancy losses (RLPL) may be stronger than the association with early recurrent miscarriage due to a series of features characterizing the former group, which will be discussed below.
Very few women experience pregnancy losses after gestational week (GW) 14-in one study, only 0.2% of all women in the population had experienced one and 0.02% had experienced two or more unexplained second trimester losses (Parle-McDermott et al., 2005) . In contrast, patients with recurrent miscarriage have been reported to exhibit a much higher risk of late pregnancy losses (Drakeley et al., 1998) . Fetuses miscarried after GW 14 are in most cases subjected to karyotyping and autopsy; however, aneuploidy or fetal malformations seem to be rare causes in this kind of pregnancy loss (Ancel et al., 2000; Simpson, 2007) . Maternal disorders are therefore generally believed to be the dominant cause of sporadic late pregnancy loss and RLPL (Ball et al., 2006) .
For many years, cervical insufficiency (CI) has been a recognized maternal cause of second trimester losses. The CI-like clinical picture is characterized by painless cervical dilatation in the second trimester (ACOG Practice Bulletin, 2003) , generally in the absence of bleeding or clinical infection. At admission to hospital, the uterine cervix is typically found very shortened and dilated, often with a prolaps of the amniotic membranes followed by delivery of a fetus often exhibiting vital signs but dying within a few minutes due to extreme prematurity. Sometimes an emergency cerclage had been placed after cervical dilatation was revealed or a cerclage had been placed in the first trimester due to the reproductive history. It has been estimated that 5-8% of all second trimester miscarriages are due to CI (Drakeley et al., 1998; Ancel et al., 2000) . Miscarriages under a CI-like picture are probably often caused by cervical weakness due to previous cervical tears or lack of cervical hydroxyproline (Petersen and Uldbjerg, 1996) . They may also be caused by intrauterine infection, which is often not clinically apparent but can be demonstrated by the detection of signs of intra-amniotic inflammation (Lee et al., 2008) or histological chorioamnionitis and virus DNA in the placenta (Srinivas et al., 2006) . Since MBL is a part of the first-line immune defence against infections, MBL deficiency may in theory play a role in CI-like late pregnancy losses.
Approximately one-third of second trimester pregnancy losses are associated with the presence of the antiphospholipid antibodies lupus anticoagulant (LAC) and anticardiolipin antibodies (ACA) (Drakeley et al., 1998) , which are especially associated with second trimester losses (Bocciolone et al., 1994; Rey et al., 2003; Robertson et al., 2005) . Antiphospholipid antibodies may induce thrombotic events in the placental vessels since losses in late pregnancy associated with these antibodies are normally associated with extensive placental infarctions (Out et al., 1991) . MBL deficiency has been proposed to be associated with the production of antiphospholipid antibodies (Seelen et al., 2005; Font et al., 2007) and to predispose to thrombotic events (Limnell et al., 2002) and through these mechanisms may predispose to late pregnancy loss.
In the present study, we investigated polymorphisms in the MBL2 gene (previously shown to be associated with plasma MBL levels) in all patients with RLPL defined as two or more losses of apparently normal fetuses between GW 14 and GW 30 referred to our department in a 22 year period. The aim was to investigate whether MBL2 gene polymorphisms associated with low plasma MBL levels are more prevalent in patients with RLPL than in controls and furthermore to investigate which subsets of patients with RLFL may display the strongest association with MBL deficiency.
Materials and Methods

Patients and controls
Patients with recurrent pregnancy loss, defined as three or more confirmed losses of intrauterine pregnancies in the first trimester, or two or more losses in the second or third trimester, have been referred to the Danish recurrent miscarriage clinic since 1986. At the first consultation, a detailed reproductive history was recorded based on information from the patients themselves and copies of relevant patient files from hospitals and clinics. The uterine cavity was investigated by hysterosalpingography, hysteroscopy or hydrosonography; thyroid-stimulating hormone levels were measured and all couples were karyotyped. These investigations were normal in all the included patients.
All patients were screened for LAC until 1999 using a commercially available test (Viper Quick LA-test and Viper Quick LA-check; Organon Technics, Durham, NC, USA) and after 2000 by an in-house LAC test based on (i) lack of correction of a prolonged activated partial thromboplastin time after mixture of the sample with an equal amount of normal plasma and (ii) correction of prolonged Russels viper venom-induced coagulation time (IL test LAC screen) after addition of phospholipid (IL test LAC confirm). Furthermore, the majority of patients with first trimester miscarriages and almost all patients with second and third trimester losses were screened for ACA of immunoglobulin (Ig)M and IgG type by enzyme-linked immunosorbent assay (ELISA) tests. Patients with a positive ACA measurement were investigated again at least 6 weeks later and only if the levels were above the cut-off in both measurements, the patients were classified as ACA positive (Wilson et al., 1999) . The ELISA tests for ACA measurement and the cut-off levels for positivity have changed during the 22 year period where patients have been referred to our clinics. In most of the patients, ACA has been measured using an ELISA assay (Varelisa; Elias, Freiburg, Germany) with cut-off levels 7.0 MPL-U/ ml and 22.0 GPL-U/ml for IgM and IgG ACA, respectively, established from a local group of females of fertile age (Nielsen and Christiansen, 2005) . Most of the remaining patients have been investigated using an ELISA method (Varilisa cardiolipin, Pharmacia) using reference serum from University of Louisville, USA, with cut-off levels 28 MPL-kU/l and 16 GPL-kU/l. EDTA blood was drawn from all patients for DNA preparation at the first consultation.
One thousand one hundred and forty patients had recurrent miscarriage with no or only one loss after GW 14. Seventy-nine patients had two or more losses detected after GW 14, where fetal biparietal diameter measured in utero by ultrasound, or fetal weight and length measured at autopsy, unambiguously showed that the fetus had died after GW 14. Two patients with only two late pregnancy losses were excluded from the study because in one case the fetus had a severe malformation and in the other case it was aneuploid. In two patients, we had no DNA left in the freezer and 75 patients consequently comprised the study group. All except three of these patients were Caucasians. In the study group, all fetuses lost after GW 14 had been macroscopic normal. In almost all cases, autopsy had been carried out and no organ malformation was revealed. In the 51 cases where karyotyping had succeeded (Tables I -III) , the fetuses proved euploid.
The RLPL patients were divided into three groups. Group 1 (Table I ) consisted of patients with RLPL under a CI-like clinical picture characterized by painless cervical dilatation followed by spontaneous mid-trimester loss, in the absence of significant bleeding or clinical signs of infection.
Group 2 comprised patients with a positive test for LAC irrespective of the clinical appearance of the late pregnancy losses (Table II) .
Group 3 (Table III) comprised patients with a negative test for LAC and RLPLs without any clinical suspicion of CI. Typically, the pregnancy losses occurred under clinical pictures of intrauterine fetal death (IUFD) detected by ultrasonographic examination (often preceded by fetal growth retardation and oligohydramnios at previous examinations) or placental abruption (PA) with heavy vaginal bleeding, uterine pains and ultrasonographic signs of intrauterine haematomas. Group 3 will, in the following text, be referred to as having 'idiopathic RLPL' in accordance with Drakeley et al. (1998) since the generally recognized causes, LAC and CI, were absent.
Controls were 104 women who had given birth to live born children at least twice and who had not experienced miscarriages or stillbirths. Control women were either staff members of the Department of Clinical Immunology and the Department of Obstetrics and Gynaecology, Aalborg Hospital, or consecutive women who delivered at the Department of Obstetrics at Aalborg Hospital in 1999. The median age of the controls was 32.3 years (range 26-47 years) and the median parity 2 (range 2-4) and all were Caucasians. Detailed description of the control group can be found in the previous publication (Kruse et al., 2002) .
MBL2 genotyping
DNA was extracted by a salting-out method from EDTA blood sample. Six SNPs in the MBL2 gene were genotyped: two point mutations in the promoter region at position 2550 (H/L variants) and 2221 (X/Y variants); one point mutation in the 5 0 untranslated region at position þ4 (P/Q) and three point mutations that are located at codons 52, 54 and 57 in exon 1 of the MBL2 gene, at nucleotides 223, 230 and 239, giving rise to three allelic variants called D, B and C, respectively. The presence of any of the alleles D, B and C will be referred to as 0 whereas the wild-type (normal) allele will be called A.
A real-time PCR technique was used to genotype the exon 1 of the MBL2 gene (codons 52, 54 and 57), where only one PCR reaction is sufficient to genotype one individual unambiguously (Steffensen et al., 2003) . A real-time TaqMan assay combined with minor groove binder probes labelled with 6-carboxy-fluorescein was used for screening the promoter variants 2550, 2220 and þ4 (Mølle et al., 2006) .
Division into MBL2 genotype groups
On the basis of the genotypes, patients and controls were categorized into three groups: the high genotype group associated with high (500-5000 ng/ml) plasma MBL levels: HYA/HYA, LYA/HYA, LYA/LYA and HYA/LXA and LYA/LXA; the intermediate genotype group associated with intermediate (50-1200 ng/ml) plasma MBL levels: HYA/0, LYA/0 and LXA/LXA and the low MBL genotype group associated with low (0-200 ng/ml) plasma MBL levels: 0/0 and 0/LXA (Madsen et al., 1995) .
Statistics
Differences in the prevalence of MBL2 genotypes between the groups were tested by the x 2 test. Differences in median values were tested by the Mann -Whitney test. A P-value of ,0.05 was considered significant (two-sided test). Odds ratios (OR) and their 95% confidence intervals (CI) were calculated.
Ethics
The investigation of patients admitted before 2000 and all controls had been undertaken as a part of a previous study approved by the Ethics Committee of the County of Nordjylland. All patients and controls gave informed written consent. After 2000, MBL investigation was undertaken as a part of the routine investigation of patients admitted to our clinic and the patients had accordingly given their consent. 
Results
Clinical data and antiphospholipid antibodies
Twenty-eight of the RLPL patients belonged to Group 1 since they had CI-like losses, in 19 of their pregnancies an elective or emergency cerclage had been attempted without success (Table I) . Six of the patients (21.4%) had had a previous live birth and 17 of them (60.7%) had had previous early miscarriages. One patient in Group 1 had insulin-dependent diabetes mellitus and one had a sarcoidosis-like lung disease, but none had experienced thromboembolic phenomena. Two (9.1%) of the patients in whom ACA measurements were undertaken were repeatedly ACA positive but with low or intermediate titres. The nine RLPL patients who were LAC positive and thus belonged to Group 2 had only late losses of the IUFD type but six of them had also early miscarriages. None of these patients had experienced live births at the time of admission. In addition to LAC, all were also repeatedly positive for ACA with high titres (Table II) . Four of the patients had had previous venous thromboembolic episodes and three had a diagnosis of systemic lupus erythematosus.
Thirty-eight patients had had idiopathic RLPL and comprised Group 3 (Table III) . Twenty-five of these had experienced only late pregnancy losses of the IUFD type, eight had only losses of the PA type, four had experienced both IUFDs and PA-like losses and one had had a PA-like and a CI-like loss. Twenty-one of these patients (55.3%) had had one or more previous live births and 27 (71.1%) had experienced early miscarriages. None of the patients in Group 3 had had thromboembolic phenomena, but one had the autoimmune disease scleroderma. Six (20.0%) of the patients in whom ACA measurements were available were repeatedly ACA positive but with low or intermediate titres. Table IV shows the median age and number of pregnancy losses, the frequency of previous live births and the frequency of positivity for ACA in patients with high/intermediate-and low-producing MBL2 genotypes, respectively. No differences in these parameters were found between the three study groups.
MBL2 genotypes
Overall, MBL2 genotypes associated with low MBL were found in 20 (26.7%) of the 75 patients with RLPL (Table IV) ; which is significantly higher than the 12.5% frequency in controls (OR ¼ 2.55; 95% CI 1.17 -5.52; P , 0.02).
The frequencies of MBL2 genotypes associated with high, intermediate and low plasma MBL levels, respectively, were compared between Group 1 patients and controls (Table V) . Low-producing MBL2 genotypes were found in five patients (17.9%), a frequency that was increased, however not significantly, compared with controls (OR 1.52, 95% CI 0.49 -4.70).
The frequencies of MBL2 genotypes were compared between patients in Groups 2 and 3 and controls, respectively (Table VI) . The patients in Group 2 had a similar frequency of low-producing MBL2 genotypes as controls (11.1% versus 12.5%) with a corresponding OR of 0.88 (95% CI 0.10 -7.58). In the 38 patients in Group 3, 36.8% carried low-producing MBL2 genotypes resulting in an OR 4.08 (1.70-9.83; P ¼ 0.001) compared with controls.
From the OR ¼ 4.08 and the 36.8% prevalence of low-producing MBL2 genotypes in Group 3 patients, it can be calculated that the population attributable risk of low-producing MBL2 genotypes for idiopathic RLPL is 0.28.
Pregnancy outcome after referral
Among the patients in Group 1, 19 became pregnant again after referral-eight (42%) of these pregnancies succeeded with a live birth. Two of the patients who gave birth were treated with an elective cerclage, three were treated with indometacin in the second trimester, two were treated with both elective cerclage and indometacin in the second trimester and one received i.v. Ig (IvIg) in the first trimester and indometacin in the second. Among the patients in Group 2, eight became pregnant again after referral. Four (50%) of these had a live birth after a combination of heparin and low-dose aspirin (LDA) and IvIg, one gave birth after IvIg alone and one gave birth after heparin and LDA alone. Among the patients in Group 3, 30 became pregnant again and 22 (73%) had successful pregnancies. Several of these patients were treated in previous placebo-controlled trials of IvIg. Thirteen had a live birth after IvIg alone, three after a combination of IvIg and heparin and LDA, one after heparin and LDA and five after no treatment at all. 
Discussion
Recurrent second trimester pregnancy losses (RLPL) is psychologically very devastating but fortunately a rare condition. Many patients with RLPL display clinical signs of CI (Group 1) or have LAC in the plasma (Group 2) and these women can be given an explanation and often offered treatments. However, in the majority of RLPL patients (idiopathic RLPL ¼ Group 3), none of these risk factors can be detected and so far it has not been possible to give the patients any explanation for their losses. This study supported our hypothesis that MBL2 genotypes associated with MBL deficiency are more strongly associated with RLPL (OR ¼ 2.55) than with recurrent early miscarriages where we have previously found an OR ¼ 1.33 using the same control group (Kruse et al., 2002) .
Low-producing MBL2 genotypes were most strongly associated with a history of idiopathic RLPL (OR ¼ 4.08), i.e. RLPL without clinical signs of CI in patients negative for LAC.
The population attributable risk of low-producing MBL2 genotypes in idiopathic RLPL reveals that 27.8% of all idiopathic RLPL cases would disappear, if these genotypes disappeared completely in the population.
We found a trend for low-producing MBL2 genotypes to be associated with RLPL under a clinical picture resembling CI (Table V) . This could indicate that low MBL may be a contributing but not a major factor for pregnancy loss in this subgroup of RLPL patients.
The frequency of low-producing MBL2 genotypes was similar in LAC positive patients compared with controls (Table VI) , which supports the hypothesis that LAC may be the only pathogenic factor in Group 2 patients. LAC is associated with an increased risk of thrombosis and ..................................................................................................................................................................................... is suggested to cause thrombosis in the placental vessels (Out et al., 1991) and subsequent placental infarctions and IUFD. This fits with the observation that RLPL patients with LAC exhibit a unique clinical picture: late IUFDs with no bleeding and often a history of maternal thromboembolic episodes (Table II) . The correlation between ACA in the absence of LAC and the clinical appearance of late pregnancy losses is weak. ACA can be found in patients without signs of placental infarctions or fetal growth retardation (Table I) , ACA without LAC is not or only weakly associated with thrombosis (Galli et al., 2003) and ACA is a very fluctuating antibody and tests needs standardization (Branch, 2004 ). Since we find LAC, but not ACA alone, a well-documented cause of pregnancy loss, we had classified LAC-positive but not ACApositive patients into a separate group. In our study, low MBL seems not to predispose to the production of antiphospholipid antibodies, as suggested in some studies (Seelen et al., 2005; Font et al., 2007) , since there was no difference in ACA positivity between those with and without genotypes associated with MBL deficiency (Table IV) . Since the laboratory methods were modified and improved several times, the definition of positivity for ACA changed during the 22 year period where the patients had been referred to our clinic. The current criteria for the diagnosis of the antiphospholipid syndrome are two positive LAC tests and/or ACA tests on two or more occasions at least 12 weeks apart. For ACA, the recommended cut-off levels are .40 GPL or MPL units or .99th percentile measured by a standard ELISA assay (Miyakis et al., 2006) . The frequency of the low-production MBL2 genotypes 0/0 and 0/ LXA among the controls was 12.5%, which is lower than the 17.6% frequency of the same genotypes found in 533 randomly selected Danes of both sexes (Hellemann et al., 2007) . This discrepancy may be due to the exclusion of women with a history of miscarriage in our control group, which comprised exclusively women with normal pregnancies. Dahl et al. (2004) reported that MBL deficiency is associated with a borderline significantly increased risk of miscarriage in the background population, so a control group of women without miscarriages is expected to exhibit a decreased frequency of MBL2 low-production genes compared with unselected women. As mentioned in the previous section, the ranges of plasma MBL levels overlap between genotypes in the high, intermediate and low groups, e.g. an individual with an intermediate genotype may in fact have an MBL level below 100 ng/ml and would thus belong to the low MBL group in our previous study (Kruse et al., 2002) . In the present study, we chose to investigate MBL genotypes instead of measuring the plasma protein because (i) we had DNA but no serum left from several of our patients and (ii) many of the previous plasma MBL measurements in the control women had been undertaken just after delivery (Kruse et al., 2002) where MBL levels are reported to be significantly increased from baseline (van de Geijn et al., 2007b) . Using only the results based on genotyping would overcome the methodological problem that some of the available or previously tested plasma samples were taken before pregnancy and some in the puerperal period. However, the lack of data for plasma MBL levels in these patients may be a limitation of our study.
Our findings that MBL deficiency in mid-pregnancy is associated with pregnancy losses probably caused by malfunction of the placenta (placental insufficiency or abruption) rather than mechanisms associated with spontaneous preterm birth (cervical effacement and rupture of membranes) are consistent with findings in most studies of the effect of MBL deficiency in the third trimester.
The data concerning the association between MBL deficiency and preterm birth have been conflicting. One study reported that carriage of a low-production MBL2 polymorphism (codon 52 in exon 1) was significantly more frequent in infants born preterm than in infants born at term (Bodamer et al., 2006) . One study (Annells et al., 2004) found that the presence of the codon 54 low-production MBL2 polymorphism was significantly associated with preterm birth, before 29 GW. On the other hand, maternal high-production MBL2 genotypes were found to be associated with a shorter gestational period than low-production MBL2 genotypes in primiparae (van de Geijn et al., 2008 ) and low MBL (,100 ng/ml) was not associated with an increased prevalence of preterm birth in patients with recurrent miscarriage (Kruse et al., 2002) . There is more consensus about the role of MBL deficiency for intrauterine growth retardation. The mean birthweight of children born to healthy women with the low-production MBL2 codon 54 polymorphism in exon 1 was decreased compared with women without the mutation (Megia et al., 2004) and MBL deficiency in patients with recurrent miscarriage was associated with a significant reduction of birthweight among children born .37 GW. These data support the theory that low MBL predisposes to impaired placenta growth and function but does not advance the time of delivery, which agrees with the findings in the present study.
The mechanisms through which MBL deficiency can contribute to placental insufficiency or abruption are unknown, but hypotheses can be put forward. Normal pregnancy has been proposed as being dependent on an adequate level of inflammation (Christiansen et al., 2006) : excessive inflammation seems to be associated with preeclampsia (Borzychowski et al., 2005) . The correct level of inflammation may be induced by apoptotic syncytiotrophoblast debris shed into the circulation from the placenta: if the shedding of debris becomes too excessive or if the clearance becomes deficient, too much inflammation may result. One function of MBL may be clearance of apoptotic cell material in the circulation (Ogden et al., 2001; Nauta et al., 2004; Stuart et al., 2005) and it is thus possible that pregnant women with low MBL may be at higher risk of excessive inflammatory responses due to failure of this clearance. MBL also seems to be a regulator of production of inflammatory cytokines such as tumour necrosis factor (TNF)-a, at least in vitro (Jack et al., 2001) . Women with low MBL may be in a higher risk of excessive TNF-a production, which may induce apoptosis of trophoblast (Kilani et al., 2007) and worsen the vicious circle of excessive trophoblast cell apoptosis and impaired clearance of apoptotic cells, leading to further inflammation. Another possible mechanism of late pregnancy loss in women with MBL deficiency may be impairment of clearance of micro-organisms at the fetomaternal interphase or in the amniotic fluid, which may predispose to cervical ripening or amniotic membrane rupture and thus extremely preterm birth (Lee et al., 2008) .
Since 12.5% of multiparous women without miscarriages carry low MBL2 genotypes, low MBL on its own cannot cause RLPL. We have proposed (Christiansen et al., 2008) that recurrent pregnancy loss in most cases should be considered a multifactorial/polygenic disease at the level of the individual woman: each patient or patient couple must carry a series of genetic risk factors (which may be genetic polymorphisms related to immune response, thrombophilia and endocrine function) and be exposed to specific environmental factors before the syndrome develops. The present study shows that in patients with idiopathic RLPL, one of these genetic risk factors, responsible for 27.8% of the genetic background, is the genes associated with MBL deficiency and this suggests that the immunologic component is strong in this subset of RLPL patients. It also increases the chance that therapies which have proven efficient in the treatment of diseases characterized by excessive inflammation, such as IvIg, may be efficient in treating idiopathic RLPL. Indeed, among 17 women with idiopathic RLPL comprising a subset of the patients who were included in our two previous placebocontrolled trials of IvIg , seven of eight patients (87%) who were allocated to IvIg gave birth compared with only one of nine (11%) of those who received placebo (P , 0.01) (Christiansen et al., 2004) . The active therapies with especially IvIg and heparin offered to most of the patients may be the reason that the live birth rates in subsequent pregnancies were similar in patients belonging to the high/intermediate MBL and low MBL groups. If the majority of the patients remained untreated, a decreased live birth rate in the low MBL group may have been found as reported in our previous study (Kruse et al., 2002) .
In conclusion, the finding of a highly increased frequency of lowproducing MBL2 genotypes among patients with idiopathic RLPL supports the hypothesis that the aetiology of this kind of RLPL is, to a high degree, immunological. In the future, research should be directed into the identification of other genetic biomarkers that, together with low MBL-associated genotypes, may constitute the complete genetic background for idiopathic RLPL, which may then no longer be called 'idiopathic'.
